The use of biosolids as a fertiliser may be an indirect route for contaminants into the food chain. One of the main concerns regarding the spreading of biosolids on agricultural land is the potential uptake of contaminants into plants which may bio-transfer into grazing animals that supply the food chain directly (e.g. meat and milk) and hence are subsequently consumed. The aim of this project was to create a quantitative risk assessment model to estimate the fate and translocation of triclosan (TCS) and triclocarban (TCC) into the feed (grass) and food chain with subsequent human exposure. The model's results indicate that TCS and TCC have low potential to transfer into milk and beef following the ingestion of contaminated grass by dairy cows. Mean estimated TCS and TCC residues in milk and beef show that TCC had the greatest concentration (mean values of 7.77 × 10 − 6 mg kg ) and for beef consumption by teens (12-17 years) (mean value 6.87 × 10 − 8 mg kg
Introduction
The two most important farming sectors in Ireland are the milk and meat sectors, accounting for approximately 69% of agricultural output (DAFM, 2016) . The value of overall beef exports from Ireland was 2.27 billion in 2014 (EC, 2016) , while dairy exports have grown to 3.1 billion in 2014 (IDIA, 2016) . There are currently 6.96 million cattle in Ireland according to the June 2015 livestock survey (Bord bia, 2016) . The total land area of Ireland is 6.9 million hectares of which 4.5 million hectares is used for agriculture (DAFM, 2016) . Eighty one percent of the agricultural area is devoted to pasture, hay and grass silage (3.6 million hectares) and 11% to rough grazing (Bord bia, 2016) . Under the 'Code of Good Practice for the use of biosolids in agriculture' (Fehily Timoney & Company, 1999) it states that there are constraints on grazing following application of biosolids to agricultural land. 'Cattle should not be turned out onto pasture that has been fertilised with biosolids until 3-6 weeks after the date of application'. The interval between application and commencement of grazing will depend on the level of incorporation of biosolids into the soil (Fehily Timoney & Company, 1999) . In Ireland, 53,543 tonnes dry solids (tds) of biosolids are generated each year, of which 98% is disposed to agricultural land. It has been predicted that this figure will grow to 96,442 tds/annum by 2040 (Irish Water, 2015) .
One of the main concerns for human health regarding the spreading of biosolids on agricultural land is the potential uptake of contaminants into plants which may bio-transfer into grazing animals that are subsequently consumed by humans. Studies have shown that conventional wastewater treatment does not fully eliminate contaminants such as pharmaceuticals (i.e. beta-blockers, carbamazepine, paracetamol and diclofenac) (Clarke & Cummins, 2014; Harris, Cormican, & Cummins, 2012; Igos et al., 2012; Jelic, Gros, Petrovic, Ginebreda, & Barcelo, 2012) ; therefore contaminants may still be present in the treated sludge. Biosolids are rich in organic matter and may contain up to 38% organic carbon on a dry mass basis. Therefore, repeated application of biosolids may greatly increase a soil's organic carbon content (OC), leading to enhanced sorption or reduced chemical bioavailability (Fu, Wu, Ye, Ernst, & Gan, 2016) . On one hand, biosolid application is a direct point source for contaminants into the environment , on the other hand, increased organic matter may inhibit plant uptake due to reduced bioavailability. A number of studies have demonstrated the uptake of contaminants into plants (Boxall et al., 2006; Carter et al., 2014; Holling, Bailey, Heuvel, & Kinney, 2012; Prosser & Sibley, 2015; Sabourin et al., 2012) .
The main route of human exposure to many highly lipophilic contaminants is through ingestion of contaminated agricultural products such as beef and milk (USEPA, 2005) . Livestock can ingest contaminants from soil by grazing and/or feeding on harvested forage. In countries where animals can graze all year round, average soil ingestion has been estimated as 4.5% of the dry matter intake for sheep and 6% for cattle when pasture was the only feed source (Duarte-Davidson & Jones, 1996) . While there have been many models developed to predict animal uptake, including relating bio-transfer concentrations (BCF) in livestock to physio-chemical properties (Rodrigues, Pereira, Duarte, & Romkens, 2012; Travis & Arms, 1988) , there are significant knowledge gaps with regards to actual contaminant concentrations in livestock following direct ingestion of grass from biosolid amended agricultural land. Lupton, Dearfield, Johnson, Wagner, and Huwe (2015) conducted a study to determine plasma and tissue depletion kinetics in cattle. The cattle (2 steers and 4 heifers) were dosed with perfluorooctane sulfate (PFOS) at 0.098 mg kg − 1 weight and 9.1 mg kg − 1 , respectively.
Plasma depletion half-lives for steers and heifers were 120 ± 4.1 and 106 ± 23.1 days, respectively. Specific tissue depletion half-lives ranged from 36 to 385 days for intraperitoneal fat, back fat, muscle, liver, bone, and kidney. The results of the experiment showed that PFOS in beef cattle had a sufficiently long depletion half-life to permit accumulation in edible tissues. The proportion of an organic or inorganic contaminant taken up by plant roots and its translocation route within the plant depends on its physio-chemical properties (Goldstein, Shenker, & Chefetz, 2014) , the plant's physical characteristics and soil properties (Taylor-Smith, 2015) . The log K ow or log of the octanol water partitioning coefficient represents a compound's propensity to partition into either polar or nonpolar mediums (Fent, Weston, & Caminada, 2006) . Highly lipophilic contaminants characterised by high octanol water partitioning coefficients (K ow > 3 log unit) or low water solubilities, have a high tendency to be absorbed by plant roots from water (Li, Sheng, Chiou, & Xu, 2005) . For example, Carter et al. (2014) attributed the uptake of pharmaceuticals and a personal care product into radishes and ryegrass to the physio-chemical properties of the contaminants, including Henry's Law constant, water solubility and octanol water partition coefficient. Wu, Spongberg, Witter, Fang, and Czajkowski (2010) also demonstrated how the K ow predictions of contaminant behaviour in plants correlated with the bioconcentration factor of the contaminants. Wild and Jones (1992) categorised non-ionised organic contaminants with log K ow > 4 as having a high potential for retention in plant roots. Thus, the octanol water partition coefficient (K ow ) has been suggested as a reliable indicator of uptake behaviour (Goldstein et al., 2014) . Lipophilic organic contaminants possess a greater tendency to partition into plant root lipids than hydrophilic contaminants (Duarte-Davidson & Jones, 1996) . Chemicals in soil enter plants primarily through the root system and the degree of uptake from soil into root tissues appears to be proportional to the octanol-water partition coefficient (K ow ).
Since the 1960's antimicrobials triclosan (TCS) and triclocarban (TCC) have been in use as antibacterial agents in many products such as toothpaste, soaps, creams, etc. (Xia et al., 2010) . Toxicological reports have shown that TCC has the potential to disrupt excitation coupling in skeletal and cardiac muscles in humans (Clarke, Peyton, Healy, Fenton, & Cummins, 2016 Once introduced to the environment, TCS and TCC sorb to soils and sediment and are not predicted to readily degrade (Aryal & Reinhold, 2011) . Ying, Yu, and Kookana (2007) reported that TCS degraded faster than TCC by microbial processes in the soil under aerobic conditions. The half-life in air is estimated to be 1 d be a significant removal mechanism for TCC and TCS (Ogunyoku & Young, 2014) . Sorption (K d ) and persistence (measured as half-life, (T ½ )) are considered the two primary variables controlling the availability and hence offsite transport potential of contaminants in soil (Fu et al., 2016) . To describe the distribution of a chemical in soil, the soilwater partition coefficient (K d ) is a suitable measure. The K d is generally proportional to the hydrophobicity of the compound and the amount of soil organic matter. The experimental half-life of TCS and TCC in soil ranges from 87 to 231 and 18-58 days, respectively in aerobic soils with longer half-lives in anaerobic soils (Ying et al., 2007) . TCS and TCC are both hydrophobic with log K ow values of 4.76 and 4.90, respectively (Dhillon et al., 2015) . Hence, accumulation of these compounds has been observed in plants (Aryal & Reinhold, 2011; Wu, Spongberg, Witter, & Sridhar, 2012) , animals (Coogan & Point, 2008; Higgins et al., 2011; Kinney et al., 2008) , humans (Allmyr, AdolfssonErici, MCLachlan, & Sandborgh-Englund, 2006 ) and the potential of TCS and TCC as endocrine disruptors are also shown (Chen et al., 2008; Hinther, Bromba, Wulff, & Helbing, 2011) . Wu et al. (2012) demonstrated that after 60 days growth, TCS and TCC had accumulated and translocated into above ground parts of the soybean plant following application of biosolids and reclaimed waste water. Prosser and Sibley (2015) reported the uptake of TCS and TCC in the edible portions of green pepper, carrots, cucumber, tomato, radish and lettuce plants grown in biosolid amended land. TCS was only detected in cucumber and radish up to 5.2 ng/g dw, while TCC was detected in carrot, green pepper, tomato and cucumber up to 5.7 ng/g dw. However, it was estimated that vegetable consumption represents < 0.5% of the acceptable daily intake of TCS and TCC. Aryal and Reinhold (2011) measured concentrations of TCS at approximately 20 and 40 μg/g dw in the root and 8 and 5 μg/g dw in the stem of pumpkin and zucchini plants, respectively despite a low concentration of TCS (0.18 μg/g), however liquid biosolids were applied prior to seeding and 8 weeks after seeding accounting for the high levels in the plants.
In this study, the aim was to develop a quantitative risk assessment model to estimate the fate and translocation of antimicrobials (triclosan and triclocarban) into biosolid receiving agricultural soils with transfer into grass and subsequent potential transfer into the food production chain (beef and grass) and potential human consumption/exposure (Fig. 1) . The focus of this study is on the primary produce milk and beef only, the accumulation of contaminants in secondary products (e.g. cheese, processed meat products) is not considered and outside the scope of the current study.
Materials and methods

Soil-to-plant transfer model
The PEC soil was estimated by developing a distribution of contaminant exposure based on the variability and uncertainty of the predicted environmental concentrations in biosolids. The concentration in the soil (C soil ; mg kg − 1 ) immediately following a single biosolid application was calculated based on the concentration of the contaminant in the biosolids, application rate, crop intersection, mixing depth of soil and the soil bulk density following biosolids application according to the guidelines of the European Chemicals Bureau's Technical Guidance Document on Risk Assessment Part II (EC, 2003a).
where: C sludge is the concentration of the contaminant of interest in biosolids (mg kg − 1 ). APPL is the application rate of biosolids on agricultural land for one application (kg m − 2 ). fint is the fraction intercepted by the crop (-). D is the depth (m) BD is the soil bulk density (kg m − 3 ).
The peer reviewed literature was searched for Irish and European organic contaminant concentrations in biosolids (Table 1) and probabilistic distributions were fitted to characterise uncertainty/variability in the level of TCS and TCC in biosolids (Table 2) . Uncertainty regarding the application rate was represented using a triangular distribution (minimum 300; mean 330; and maximum 520 g m − 2 ) ( Table 3 ). The application rate of biosolids was retrieved from Lucid, (Chu & Metcalfe, 2007) , b (Snyder, O'Connor, & McAvoy, 2010) , (2000) which were based on field experiments found in the literature. The authors adopted the approach that interception fraction plus the soil deposition fraction is unity (fint + Fsoil = 1). The study focuses on interception rather than retention. Conceptually, it is assumed that both interception and deposition on soil are instantaneous processes. Crop interception (fint) was estimated to be a triangular distribution (minimum 0, most likely 10 and maximum 20%) assuming a worst-case scenario. The degradation kinetics in soil was described using a first order reaction model. The half-life (DT 50 ) of each contaminant in soil was obtained from the peer reviewed literature and shown in Table 3 . To account for uncertainty and variability in the data, TCS and TCC were assigned a uniform distribution. The dissipation rate constant 'k' was obtained by Eq. (2):
The actual concentration in soil following dissipation was estimated using Eq. (3).
where PEC soil is the concentration remaining in soil following dissipation. "t" is the time the contaminant has in the soil prior to grazing. The Code of Good Practice for Application of Biosolids on Agricultural Land states that cattle may not be turned out onto grassland until at least 3-6 weeks following biosolid application. Therefore the time 't' (in days) was assigned a uniform distribution (min 21, max 42) to allow for constraints in allowing cattle to graze. While concentrations of TCS and TCC may leach through the soil or adhere to sludge post biosolid application, biosolids may also remain on the grass or sward of grass and be consumed by grazing cattle. To account for potential consumption of applied biosolids on grass, the concentration of TCS and TCC in biosolids, the application rate and the percentage of crop intersected (fint) were multiplied to give the concentration of contaminant on the grass swards.
where C applied (mg m 2 ) is the concentration of biosolid remaining on the grass following biosolid application.
When biosolids are applied to agricultural land, the field dissipation of the contaminants contained within the biosolids is likely to be R. Clarke et al. Food Research International xxx (xxxx) xxx-xxx influenced by environmental conditions. Variations in temperature and available moisture are likely to play an important role in the dissipation of contaminants (Langdon, Warne, Smernik, Shareef, & Kookana, 2012) . The half-life in air for both TCS and TCC was obtained from the PBT Profiler (USEPA, 2013) and Ying et al. (2007) (Table 3) . To account for variability and uncertainty in the data, a uniform distribution (min 0.66, max 1) for TCS and (min 0.5, max 0.75) for TCC was assigned. A first order exponential decay model was used to calculate the dissipation of the contaminants on the swards of grass. The same time 't' was used as above. It was assumed that 3 weeks had passed since the land spreading of biosolids on agricultural grasslands. The amount of fresh grass in kg per m 2 (P d ) was obtained from Agrinet Farm Management Software (2015) and it was estimated that there was 18,000 kg of fresh grass per Ha. The overall concentration of contaminant on grass was calculated according to Eq. (5).
where C plant (mg kg
) is the concentration remaining on the plant following dissipation. Pd is the plant density (kg m 2 ).
In the present study the model approach developed by Chitescu, Nicolau, Romkens, and Van der Fels-Klerx (2014) and Chiou, Sheng, and Manes (2001) . While the model has been modified for Irish conditions (e.g. application rates, bulk density, cow's consumption of forage and human consumption rates), there is potential to use the model universally. The effective concentration of contaminants available for plant uptake is the concentration of the contaminant in soil interstitial (pore) water. Soil composition influences the concentration of the contaminant in pore water, by its fraction of organic matter (F oc ) (Chitescu et al., 2014) . The model is expressed as:
where PEC porewater is the contaminant concentration in the pore water (mg kg
). F oc is the fraction of organic matter content (F oc ) in the soil; and K oc is the soil organic carbon-water partitioning coefficient of the contaminants (L kg − 1 ) (contaminant specific). Triangular distributions were used to model K oc uncertainty (Table 3 ). The fraction of organic matter content in the soil was obtained from peer reviewed literature for F oc in soil (2%, 5% and 7%) (Chalew & Halden, 2009 ). To account for variability and uncertainty in the data, a uniform distribution (min 2%, max 7%) was assigned (Table 4) . To convert the units from mg L − 1 to mg kg − 1 , the density of water was assumed.
To calculate the concentration of contaminant in the whole plant, a partition-limited model for the passive uptake of contaminants from the external water to the plant, taking explicit account of the contaminant level in the external water (Chiou et al., 2001 ).
where C pt is the concentration of the contaminant in the plant on a fresh weight base (mg kg − 1 ); f pw, f lip and f ch are the weight fraction of, respectively, water, lipids and the sum of carbohydrates, cellulose, and proteins in the plant; K lip is the partition coefficient for the lipids fraction of the plant assumed to be equal to the log K ow ; K ch is the partition coefficient for the carbohydrate fraction of the plant, available according to K ow . The symbol α pt is the quasi-equilibrium factor, defined as the ratio of the respective concentration of the contaminant in plant water and external water. Thus, α pt = 1 denotes the state of equilibrium. Α pt < 1 is a measure of the approach to equilibrium (Chiou et al., 2001 ). The quasi-equilibrium coefficient values are based on the overall hydrophilic to lipophilic trend of the solutes in that more water soluble compounds have α pt values close to 1 and that the α pt values for lipophilic contaminants (high K ow values) are < 1 (Chiou et al., 2001) . Therefore a value of 0.1 was assigned for both contaminants.
The weight composition of grass is comparable to ryegrass shoots. The f pw (water content) was valued at 88.8%, f lip (lipid content) 0.97% and f ch (carbohydrate content) was 10.2% according to (Chitescu et al., 2014; Li et al., 2005) . K lip data were obtained from the peer reviewed literature and a uniform distribution was assigned to account for uncertainty in the data (Table 4 ). The partition coefficient for the carbohydrate fraction of the plant was determined from Hung, Lin, and Chiou (2010) and relates to contaminants with a log K ow between 3.30 and 5.18. The calculation is based on the partitioning of five polyaromatic hydrocarbons with carbohydrates. K ch was calculated according to:
Plant to animal transfer model
The daily intake (DI) (mg d
) of TCS and TCC in cows was calculated according to Eq. (9).
where PEC soil (mg kg
),is the concentration of contaminant in soil, F soil , (kg
) is the cow's consumption of soil C pt is the concentration of the contaminant in the plant a fresh weight basis (mg kg , for cows consumption of soil, while Duarte-Davidson and Jones (1996) proposed that a cow consumes 0.9 kg d − 1 of soil. To account for the uncertainty, a uniform distribution (min 0.1, max 0.9) was assigned ( Table 5 ). The cow's consumption of forage is between 12 and 18 kg d − 1 dry matter (Mc Gilloway & Mayne, 1996) , and it was assumed that dairy and beef cows consumed the same amount. Therefore a uniform distribution was also assigned to account for variability and uncertainty. This model also takes into account the consumption of the contaminant that remained on the swards of grass following biosolid 
The bio-transfer factor
Models that predict chemical transfer into beef and milk due to cattle ingestion of contaminated vegetation (e.g. silage or forage) often use a bio-transfer factor (BTF). The BTF is the ratio of the concentration in either beef or milk to the chemical intake rate in mass of chemical per day (USEPA, 2005) . Travis and Arms (1988) developed a linear regression analysis of the log BTF for meat/milk and log K ow . They compiled data from a review of literature resources to derive BTF's for a series of approximately 40 chemicals bio-transfer factors for organic chemicals in beef and milk are directly proportional to the octanolwater partition coefficient. Application of the equation requires that the user knows the log K ow of the contaminant to estimate a BTF. Eqs. (10) and (11) 
where measured concentrations of contaminants in beef or milk fat are converted to a fresh meat or whole milk basis. TCS and TCC residue concentrations in beef and milk are calculated by:
where C m and C b is the TCS and TCC residue concentrations in beef and milk (mg d (Table 6 ). The average fat content in beef (FC beef ) tissue can range widely from 7.5% to over 27% (Hendriks, Smitkova, & Huijbregts, 2007) . A uniform distribution was used to account for uncertainty. It was assumed that the antimicrobials did not have time to interfere with the cow's rumen flora as milking and slaughter of the cows took place within a day of eating the contaminated grass.
Human exposure
The amount of contaminant that may be ingested by humans through drinking milk and eating beef meat each day was estimated by:
where HE is human exposure (mg kg
); M c is the consumption of milk or beef a day, and bw is the body weight of the individual. The consumption of milk and beef was based on several studies conducted by The Irish Universities Nutrition Alliance (IUNA). The National pre-school Nutrition Survey investigated the habitual food and drink consumption, health and lifestyle characteristics and assessed the body weight status in 500 pre-school children Tables 7 and 8 .
Acceptable daily intake
The acceptable daily intake (ADI) procedure has been used to calculate permissible chronic exposure levels for humans based on noncarcinogenic effects. The ADI is the amount of contaminant a human can be exposed to each day over a long time (usually lifetime) without suffering harmful effects. It is determined by applying safety factors (to account for uncertainty in the data) to the highest dose in human or animal studies which has been demonstrated not to cause adverse effects (NOAEL) (EC, 2003b) . In determining the ADI the no observed adverse effects level (NOAEL) is divided by a safety factor in order to provide a margin of safety for allowable human exposure. A safety factor of 300 was applied in accordance with the European Commission Health and Consumer Protection Directorate-General (2005) and is composed of three factors; 10 is for intra-species variation, 10 is for inter-species variation and 3 is for a limited database of studies (Prosser & Sibley, 2015) .
A NOAEL value of 25 mg kg − 1 bw d − 1 for TCS and TCC were obtained from Prosser and Sibley (2015) and was based on a sub chronic 90 day oral toxicity study with mice and a 2 year oral toxicity study with rats, respectively. A NOAEL of 50 mg kg − 1 bw d − 1 for TCC was obtained from the USEPA (2008) and was based on the reproductive ) ( Table 8 ). Risk characterisation was quantified for potential non-carcinogenic risks, reflected for the hazard quotient (HQ) -the ratio of the potential exposure to a substance and the level at which no adverse effects are expected (the threshold toxicity reference value (RfD)). A HQ value < 0.01 indicates no existing risk, 0.1-1.0 risk is low, 1.1-10 risk is moderate and > 10 risk is high (Lemly, 1996) . The reference dose value (RfD) (mg kg
) was calculated according to;
where UF is one or more uncertainty factors and MF is a modifying factor based on professional judgement. Because the NOAEL is based on animals and of subchronic duration, the USEPA (2015) recommend a UF of 1000 and an MF of 0.8. The HQ values were calculated by dividing the exposure levels by the reference dose (RfD). The HQ for noncarcinogenic risk was calculated according to; = HQ HE/RfD (16)
Sensitivity analysis
Sensitivity analysis assesses how the model predictions are dependent on variability and uncertainty in the model's inputs. The input parameters were assembled in a spreadsheet in Microsoft Excel 2010 with the add-on package @Risk (version 6.0, Palisade Corporation, New York, USA), and the simulation was performed using Monte Carlo sampling with 10,000 iterations.
Results and discussion
The environmental fate of the antimicrobials triclosan and triclocarban were modelled from biosolid application to plant uptake and bio-transfer to animal tissue with subsequent human consumption of milk and beef. The model resulted in several output distributions which include the PEC soil , Concentration on grass (C plant ), Concentration in plant tissue (Cpt), daily intake of contaminant (DI), and subsequent human exposure (HE) through consumption of beef and milk and the acceptable daily dose based on NOAEL values.
The results for the PEC soil show that TCC had a greater concentration in biosolids compared to TCS (mean values 3.90 × 10 − 2 mg kg (Fig. 2 ). TCS and TCC have similar chemical properties. Both compounds are polychlorinated aromatic compounds which suggest significant resistance to biodegradation and bio-transformation (Halden & Paull, 2005) ; however, concentrations detected in biosolids may differ. This is in agreement with previous studies investigating the degradation potential of TCS and TCC which indicate that TCC is more persistent in the environment. Cha and Cupples (2010) reported that TCC was more persistent than TCS based on concentrations measured in the soil and the greater half-life values for TCC in aerobic and anaerobic conditions. 
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The results for concentration of contaminant remaining on the plant (C plant ) show that TCS had the greater concentration remaining (mean value 9.47 × 10 − 10 mg kg − 1 , 5th and 95th percentile values 5.54 × 10 − 18 and 3.13 × 10 − 9
, respectively), compared to TCC (mean value 7.14 × 10 − 12 mg kg , respectively (Fig. 3) . Variability in soil and feed concentrations were included to account for uncertainty in the data. The concentration of contaminant on the plant was also included. Depending on the grazing season, concentrations of the contaminant in soil may vary. Concentrations of TCC were greater than TCS in the soil, therefore it was expected that there would be greater concentrations of TCC in the consumption of soil. The concentration in the feed (silage or forage) is dominated by uptake factors previously mentioned (sorption and persistence).
Predicted mean residue concentrations of TCS and TCC in beef show that concentrations of TCC were greater than TCS in beef (mean value 1.47 × 10 − 4 mg kg − 1 , 5th and 95th percentile values 3.43 × 10 , respectively) (Fig. 4) . Mean residue concentrations in milk show that TCC had a higher concentration in milk than TCS (mean value 8.06 × 10 − 6 mg kg − 1 , 5th and 95th percentile values 3.04 × 10 , respectively) (Fig. 4) . The hydrophilicities of TCC and TCS (log k ow 4.9 and 4.6, respectively) indicate the potential for bioaccumulation. It has been suggested that compounds with high log K ow values and low water solubilities are the contaminants that have the greatest potential to accumulate in animal tissues (Duarte-Davidson & Jones, 1996) . Contaminants with a higher half-life > 36 d − 1 combined with a higher log K ow value > 4.5 have been associated with potential animal soil ingestion (Duarte-Davidson & Jones, 1996) . Studies have shown that TCC and TCS can bioaccumulate in earthworms (Kinney et al., 2008) , TCS in sheep placenta (James, Li, Summerlot, Rowland-Faux, & Wood, 2010) and humans (Adolfsson-Erici, Petterson, Parkkonen, & Sturve, 2002) . TCS has been in human breast milk (Allmyr et al., 2006) . Bioaccumulation of TCS and TCC occurs in humans but to a much lesser extent for example sheep and earthworms due to well-known detoxification reactions resulting in the rapid elimination of parental TCS and TCC (Halden, 2014) . Fig. 5 Chitescu et al. (2014) showed how 3 pharmaceuticals (sulfamethoxazole, ketoconazole and oxytetracycline) were transferred from contaminated soil through plant uptake and into the dairy food production chain. The results showed that the pharmaceuticals did contaminate the dairy cow's milk and meat due to the ingestion of contaminated grass by the cattle. However, human exposure results were below the ADI for all 3 pharmaceuticals and represented a minor risk. Aryal and Reinhold (2011) demonstrated how 8.18 mg kg − 1 of TCC and 0.18 mg kg − 1 of TCS detected in biosolids applied to land (3.25 dry tons per acre) could accumulate in plants. Detectable concentrations of TCS and TCC in pumpkin and zucchini plants was 2 orders less than exposure from using products (i.e. personal care products) that contained TCS and TCC and 35 times greater than exposure to drinking water. All HQ results are below the threshold of risk (HQ < 0.01). The results of the HQ show that of all the scenarios considered, TCC in milk and infant exposure had the highest value (mean HQ value 3.9 × 10 − 6 and 95th percentile value 1.9 × 10 − 5 ), while, TCC in beef and teen exposure had the highest value (mean HQ value 2.40 × 10 − 6 and 95th ). Error bars denote 5th and 95th percentiles.
R. Clarke et al. Food Research International xxx (xxxx) xxx-xxx percentile value 1.1 × 10 − 5 ) ( Table 9 ). Prosser and Sibley (2015) reported that the HQ for triclosan in the root of radish plants (0.91 mg kg ), the bio-transfer to meat and milk, crops, dermal and inhalation with for 100 years). The majority of biosolids-borne TCC exposure pathways resulted in HQ < 1. Two pathways exceeded the HQ, the biosolid to predator pathway and biosolid to aquatic organism pathway. The study concluded that there was an unacceptable risk associated with TCC in land applied biosolids. A sensitivity analysis based on the rank order correlation coefficient was conducted for TCC as this contaminant had the highest concentration in biosolids right through to consumption. Sensitivity analysis assesses how the model predictions are dependent on variability and uncertainty in the model's inputs. Results revealed that the K ow was the most important parameter (correlation coefficient value 0.91) that affected the variance in model predictions (Fig. 7) . This highlights the potential bioaccumulation of both contaminants. The high log K ow values of 4.76 and 4.90 for TCS and TCC, respectively, suggest high sorption potential. The other parameter of importance was the initial concentration of the contaminants in sludge (C sludge ) (correlation coefficient value 0.19) highlights detectable concentrations of TCS and TCC in biosolids post wastewater treatment and their continuum from land application through to the food chain. This is further heightened by the physical-chemical properties of the compounds such as sorption and persistence in sludge. Hence appropriate management of initial concentrations may lower overall human health risk.
Conclusion
In this study detectable concentrations of TCS and TCC in biosolids estimated from the peer review literature were evaluated to assess their environmental fate in soil and plants, transfer into animal tissues and translocation into the food chain through the consumption of beef or milk. Introduction of these compounds to the environment is mainly through biosolid spreading as most of the TCS and TCC mass entering the WWTP is attached to the particles in the wastewater and most of the mass outgoing is contained in the biosolids. It is accepted that other routes of exposure may exist, however exposure through primary meat and dairy milk are likely to dominate. The PEC soil showed that concentrations for TCC were greater than TCS; this was due to the overall concentration in the biosolids and greater half-life. This trend continued throughout the model, however, it cannot be attributed to the initial concentrations in the biosolids alone, rather factors such as sorption and persistence dictates the behaviour of the contaminant in the soil. Both compounds are highly lipophilic and rarely found in soil solution, are preferably found in roots due to the contact with soil particles. This attribute also results in a higher bioaccumulation in beef and milk. Predicted human exposure to TCS and TCC through beef and milk showed that there was no appreciable risks as all values were well below the ADI. A hazard quotient (HQ) was also calculated and the results showed that there was no appreciable risk as all values were < 0.01.The study showed that infants and teens had the highest level of exposure through milk and beef, respectively, as the data obtained from consumer consumption studies show that these age categories typically consume more milk and beef. Sensitivity analysis showed that the K ow and the initial concentration of the contaminants in biosolids as being the parameters of importance. Once introduced into the soil, concentrations of TCS and TCC may decrease over time as a result of a variety of dissipation processes. The study does highlight a route into which TCS and TCC may enter the food chain through the spreading of biosolids. The fact that they are highly lipophilic may hinder their progress along the food chain; however, their persistence in soil may introduce other consequences such as resistance to antibiotics. While exposure would appear to be small for humans, more research needs to be conducted to evaluate if the continued use of TCS and TCC may exacerbate the issue of antibiotic resistance, which may be another inadvertent consequence of the use of antimicrobials. Future work should continue the assessment to secondary products e.g. cheese butter and yogurts as these products typically have a higher fat content and are consumed in greater amounts by all age groups.
